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The role of dopamine (DA) in rewarding motivated actions is well established but its role in learning how
to avoid aversive events is still controversial. Here we tested the role of D2-like DA receptors in the
nucleus accumbens (NAc) and the dorsolateral striatum (DLS) of rats in the learning and performance
of conditioned avoidance responses (CAR). Adult male Wistar rats received systemic, intra-NAc or
intra-DLS (pre- or post-training) administration of a D2-like receptor agonist (quinpirole) or antagonist
(()sulpiride) and were given two sessions in the two-way active avoidance task. The main effects
observed were: (i) sulpiride and lower (likely pre-synaptic) doses of quinpirole decreased the number
of CARs and increased the number of escape failures; (ii) higher doses of quinpirole (likely post-synaptic)
increased inter-trial crossings and failures; (iii) pre-training administration of sulpiride decreased the
number of CARs in both training and test sessions when infused into the NAc, but this effect was observed
only in the test session when it was infused into the DLS; (iv) post-training administration of sulpiride
decreased CARs in the test session when infused into the NAc but not DLS. These ﬁndings suggest that
activation of D2 receptors in the NAc is critical for fast adaptation to responding to unconditioned and
conditioned aversive stimuli while activation of these receptors in the DLS is needed for a slower learning
of how to respond to the same stimuli based on previous experiences.
 2011 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction
There is compelling evidence that cortical neurons which
encode warning stimuli project to striatal neurons that trigger spe-
ciﬁc actions (Da Cunha et al., 2009; McGeorge & Faull, 1989; Parent
& Hazrati, 1995; Voorn, Vanderschuren, Groenewegen, Robbins, &
Pennartz, 2004). Moreover, phasic release of dopamine (DA) in
the striatum strengthens the synaptic connections between these
neurons (Matsumoto & Hikosaka, 2009). This increases the
likelihood of an action occurring in response to a speciﬁc warning
stimulus and can be considered as a memory trace for the condi-
tioned avoidance response (CAR) (Da Cunha et al., 2009).
Activation of DA D2-like receptors is critical for some kinds of
synaptic plasticity in the striatum (Lovinger, 2010). In addition,
activation of D2 receptors can inhibit the ﬁring of those striatal neu-
rons that prevent the onset of actions, including both avoidance ac-
tions and actions that are irrelevant or concurrent to an avoidance
response. This is caused by activation of post-synaptic D2 receptorsFisiologia e Farmacologia do
gia, UFPR, C.P. 19 031, 81 531-
sevier OA license.expressed in the striatal neurons of the so-called indirect pathway
(Surmeier, Ding, Day, Wang, & Shen, 2007). D2 receptors are also
expressed in pre-synaptic terminals in the striatum that, when acti-
vated, inhibit release of glutamate and DA from nerve terminals
(Dias, Carey, & Carrera, 2010; Hooper, Banks, Stordahl, White, & Re-
bec, 1997). Therefore, depending on which particular D2 receptors
are activated – pre- or post-synaptic – there might be an improve-
ment or impairment of CAR learning and performance. This is fur-
ther complicated by evidence that DA receptors expressed in
different regions of the striatum play different roles in the learning
and performance of conditioned actions – though this is better
established for appetitively motivated learning (Day & Carelli,
2007; Fadok, Darvas, Dickerson, & Palmiter, 2010; Yin, Ostlund, &
Balleine, 2008).
Avoidance is a form of instrumental behavior that prevents an
aversive event. CAR involves Pavlovian and instrumental condition-
ing (Wadenberg, 2010) and can be performed either in goal-direc-
ted or habitual manners. A response is considered goal-directed
when its frequency is affected by the outcome, and is considered
habitual when it is automatically triggered by a conditioned stimu-
lus (CS). In addition, goal-directed actions are learnt and extinguish
more quickly than S–R habits (Balleine, Delgado, & Hikosaka, 2007).
The dorsolateral striatum (DLS) is needed for learning stimulus–re-
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2006) while the nucleus accumbens (NAc) is needed for both learn-
ing about and the expression of certain forms of Pavlovian condi-
tioning (Day & Carelli, 2007; Fadok et al., 2010; Parkinson,
Olmstead, Burns, Robbins, & Everitt, 1999) – it contributes to moti-
vational control of instrumental performance and is important for
the maintenance of goal-directed actions (Balleine & O’Doherty,
2010; Yin et al., 2008).
Though a CAR deﬁcit is common to all antipsychotic drugs
(Wadenberg, 2010) the only study that has addressed the roles of
the NAc and DLS in it (Wadenberg, Ericson, Magnusson, & Ahlenius,
1990) did not focus on CAR learning, but only on performance. This
is the aim of the present study: we hypothesize that, whereas NAc
D2 receptors play a role in CAR learning when it occurs quickly (as
in learning of goal-directed actions) DLS D2 receptors play a role in
CAR learning when it occurs slowly (as in S–R habit learning).
These hypotheses were tested in rats that received infusion of D2
receptor agonists and antagonists directly into these brain struc-
tures and were given two sessions of two-way active avoidance.2. Materials and methods
2.1. Animals
Two hundred and thirty-four adult male Wistar rats from our
own breeding stock were used, weighing 280–310 g at the begin-
ning of the experiments. They were maintained in a tempera-
ture-controlled room (22 ± 2 C) on a 12-h light/dark cycle (lights
on, 7:00 a.m.) with water and food available ad libitum. Efforts
were made to minimize the number of animals used and their suf-
fering in the experimental procedures. These procedures were ap-
proved by the Animal Care and Use Committee of the Universidade
Federal do Parana (protocol number 440) and are consistent with
international legislation (EC Council Directive, 24 November
1986; 86/609/EEC). The number of rats per group is indicated in
the ﬁgure legends.
2.2. Surgery
Seven days before the start of behavioral experiments, the rats
received atropine sulfate (0.4 mg/kg, i.p.) and penicillin G-procaine
(20,000 U in 0.1 mL, i.m.) and were anesthetized with 3 mL/kg equ-
ithesin (1% sodium thiopental, 4.25% chloral hydrate, 2.13% magne-
sium sulfate, 42.8% propylene glycol, and 3.7% ethanol in water).
Stainless-steel guide cannulae (1 cm long, 23-ga) were implanted
bilaterally, aimed 2 mm above the DLS or NAc, according to the fol-
lowing coordinates adapted from the atlas of Paxinos and Watson
(2005): DLS: AP 0.0 mm from bregma; ML ±3.8 mm from midline;
DV 2.8 mm from skull surface; NAc: AP +1.7 mm from bregma;
ML ±1.6 mm from midline; DV 5.2 mm from skull surface. The
cannulae were ﬁxed with polyacrylic cement anchored to the skull
with stainless-steel screws. After surgery, the rats were allowed to
recover from anesthesia in a temperature controlled chamber and
then placed back in their cages.
2.3. Drug administration
Quinpirole and ()sulpiride (both Sigma–Aldrich, St. Louis, MO,
USA) were dissolved in 1 mL/kg body weight acidiﬁed saline (0.9%
NaCl) for i.p. injections and in 0.4 lL/side acidiﬁed artiﬁcial cere-
brospinal ﬂuid (aCSF: 8.66 g NaCl, 0.205 mg KCl, 0.176 g
CaCl22H2O, and 0.173 g MgCl26H2O in 1 L water) for intra-NAc
and intra-DLS injections (the pH of solutions was adjusted to 7.4
after the drugs were dissolved). Pre-training drug doses were cho-
sen based on previous studies showing that, at the chosen doses,they produce reliable behavioral effects (Crescimanno, Emmi, &
Amato, 1998; Dias et al., 2010; Stuchlik, 2007; Swanson, Heath,
Stratford, & Kelley, 1997; Wadenberg et al., 1990). Later, we se-
lected the most effective doses for post-training treatments. The
i.p. administrations were given 20 min before or immediately after
the training session; intra-NAc and intra-DLS administrations were
given immediately before or immediately after the training ses-
sion. Intra-cranial administration was made bilaterally through a
pair of 30-ga needles extending 2 mm beyond the tips of the im-
planted guide cannulae. They were gently inserted into each can-
nula while the rats were held. The injector was connected by
polyethylene tubing to a 10 lL Hamilton syringe mounted in an
automatic microinfusion pump (Insight Instruments, Ribeirao Pre-
to, Brazil) and the drug solution was injected over 30 s. The needles
remained in place for an additional minute after infusions were
completed. Control animals received aCSF instead of drug solution.
2.4. Two-way active avoidance
The test apparatus was an automated 23  50  23 cm shuttle-
box (Insight Instruments, Ribeirao Preto, Brazil) with a Plexiglas
front panel and ﬂoor made of parallel 5 mm caliber stainless-steel
bars, 15 mm apart. The box was divided into two equal size com-
partments by a wall with a door that remained open during the
tests. The animals were given training and test sessions, carried
out 24 h apart. In each session, after 10 min (training) or 5 min
(test) of habituation, 40 light cues (maximum duration of 20 s)
were paired with a subsequent 0.4 mA footshock (maximum dura-
tion of 10 s, starting 10 s after the CS onset) until the animal
crossed to the other compartment. The light cue consisted of illu-
mination of 230 W light bulbs that were centered on each side of
the rear of the chambers. The rat could turn off the light and avoid
footshock by crossing to the other chamber during the presenta-
tion of the CS. If the rat did not avoid the shock by moving in ad-
vance of onset, it could still escape by crossing to the other
chamber. The time between each trial varied randomly, ranging
from 10 to 50 s. The numbers of active avoidances, escape failures,
and inter-trial crossings (ITC) between the two compartments
were recorded automatically.
2.5. Histology
At the end of the experimental procedures, all rats were killed
with an overdose of pentobarbital. To check for cannulae place-
ment, rats were transcardially perfused with saline solution, fol-
lowed by 4% paraformaldehyde; the brains were immediately
post-ﬁxed in the same ﬁxative containing 20% sucrose for 48 h be-
fore sectioning. The brains were cut in the frontal plane in 40 lm
thick sections with a vibrating blade microtome (Leica, VT1000 S,
Bensheim, Germany). The sections were mounted on gelatin-
coated slides and stained with thionin.
2.6. Statistical analysis
The number of avoidances, escape failures, and ITC were ana-
lyzed by two-way ANOVA with repeated measures (session) fol-
lowed by post-hoc Newman–Keuls tests. Data of all rats that
received pre-training drug treatments were analyzed. However,
four rats which underwent post-training treatments were ex-
cluded according to the following criterion: scoring less than 10
CARs or more than 10 escape failures in the training session. This
procedure aimed to guarantee that the rats included had properly
learnt the task, a condition needed to test post-training effects of
the drugs on memory consolidation. Latencies to respond to the
ﬁrst footshock presentation were analyzed by one-way ANOVA.
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P < 0.05.
3. Results
3.1. Effects of systemic administration of quinpirole and sulpiride on
two-way active avoidance
ANOVA statistics are shown in Table 1. The pre-training treat-
ments’ effects are shown in Fig. 1A. Post-hoc analysis showed that
pre-training administration of 0.05 and 0.1 mg/kg quinpirole
– doses reported to act pre-synaptically (Swanson et al., 1997) –
caused a signiﬁcant reduction in the number of CARs in bothTable 1
Two-way ANOVA statistics of the two-way active scores for rats treated with quinpirole o
Group Ses
Quinpirole
Pre-training
i.p. F[df = 3, 31] P F[d
Avoidance 3.34 0.032 53.
Escape failure 1.38 0.266 2.1
ITC 2.48 0.791 1.0
Intra-NAc F[df = 2, 23] P F[d
Avoidance 0.37 0.694 12.
Escape failure 5.59 0.010 6.7
ITC 1.70 0.205 0.4
Intra-DLS F[df = 2, 20] P F[d
Avoidance 4.66 0.022 6.9
Escape failure 5.24 0.015 13.
ITC 0.36 0.699 4.1
Post-training
i.p. F[df = 1, 8] P F[d
Avoidance 0.43 0.532 5.6
Escape failure 0.23 0.646 0.0
ITC 0.15 0.707 0.1
Intra-NAc F[df = 1, 9] P F[d
Avoidance 1.47 0.256 4.3
Escape failure 0.65 0.442 1.6
ITC 17.87 0.002 0.8
Intra-DLS F[df = 1, 7] P F[d
Avoidance 1.17 0.315 9.5
Escape failure 2.05 0.195 0.7
ITC 0.01 0.910 0.0
Sulpiride
Pre-training
i.p. F[df = 3, 33] P F[d
Avoidance 4.13 0.014 204
Escape failure 4.73 0.007 7.5
ITC 0.94 0.431 12.
Intra-NAc F[df = 2, 20] P F[d
Avoidance 8.08 0.003 27.
Escape failure 5.43 0.013 27.
ITC 11.06 0.001 10.
Intra-DLS F[df = 2, 20] P F[d
Avoidance 5.48 0.013 2.1
Escape failure 3.44 0.052 0.2
ITC 6.49 0.007 4.6
Post-training
i.p. F[df = 1, 8] P F[d
Avoidance 1.54 0.250 1.1
Escape failure 1.04 0.337 0.2
ITC 0.11 0.744 0.4
Intra-NAc F[df = 1, 10] P F[d
Avoidance 5.56 0.040 12.
Escape failure 2.72 0.130 4.2
ITC 6.48 0.029 0.0
Intra-DLS F[df = 1, 8] P F[d
Avoidance 0.01 0.965 7.7
Escape failure 0.37 0.560 12.
ITC 2.56 0.148 0.6
See Figs. 1–3 for descriptive statistics and post-hoc tests. ITC, inter-trial crossings; DLS,training and test sessions. The idea that these are pre-synaptic ef-
fects is supported by the ﬁnding that 0.1 mg/kg quinpirole also
caused a signiﬁcant increase in the number of escape failures. On
the other hand, the same effect was not observed with 1 mg/kg
quinpirole, a dose that signiﬁcantly increased locomotor activity
(ITC) in the training session, probably because it acted on post-syn-
aptic receptors (Swanson et al., 1997). Pre-training administration
of 1–100 mg/kg sulpiride caused a dose-dependent and signiﬁcant
reduction in the number of avoidances in the training session, but
only the higher dose caused a signiﬁcant reduction in the number
of avoidances in the test session. This higher dose of sulpiride also
caused a signiﬁcant increase in the number of escape failures. No
signiﬁcant effect was observed in the rats that received quinpiroler sulpiride.
sion Interaction
f = 1, 31] P F[df = 3, 31] P
25 0.000 13.24 0.000
4 0.153 4.40 0.011
8 0.306 7.35 0.001
f = 1, 23] P F[df = 2, 23] P
60 0.002 0.54 0.589
0 0.016 2.66 0.091
9 0.493 0.500 0.615
f = 1, 20] P F[df = 2, 20] P
6 0.016 0.052 0.950
34 0.002 5.08 0.016
5 0.055 1.37 0.277
f = 1, 8] P F[df = 1, 8] P
6 0.045 3.32 0.106
6 0.817 0.36 0.566
0 0.762 1.05 0.336
f = 1, 9] P F[df = 1, 9] P
7 0.066 5.14 0.049
8 0.227 0.24 0.634
9 0.369 1.38 0.268
f = 1, 7] P F[df = 1, 7] P
1 0.018 0.26 0.627
3 0.422 0.73 0.422
4 0.850 0.01 0.935
f = 1, 33] P F[df = 3, 33] P
.47 0.000 3.99 0.016
2 0.010 2.20 0.107
43 0.001 0.50 0.683
f = 1, 20] P F[df = 2, 20] P
69 0.000 0.20 0.820
23 0.000 4.54 0.024
07 0.005 1.98 0.164
f = 1, 20] P F[df = 2, 20] P
0 0.162 1.43 0.262
0 0.660 0.03 0.966
6 0.043 1.73 0.203
f = 1, 8] P F[df = 1, 8] P
1 0.323 1.26 0.294
7 0.620 0.27 0.620
8 0.508 0.33 0.579
f = 1, 10] P F[df = 1, 10] P
17 0.006 1.96 0.192
3 0.067 2.98 0.115
7 0.791 3.08 0.110
f = 1, 8] P F[df = 1, 8] P
9 0.023 0.39 0.548
77 0.007 0.71 0.423
04 0.459 1.25 0.296
dorsolateral striatum; NAc, nucleus accumbens.
Fig. 1. Effect of i.p. injections of saline (Sal), the dopaminergic D2 receptor agonist quinpirole (Q), or the antagonist sulpiride (S), 20 min before (A) or immediately after (B)
the training session on the two-way active avoidance scores. The doses are expressed in mg/kg and the data are expressed as mean + SEM. P < 0.05 compared to saline; n = 8–
10.
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conclusions were drawn from analysis of the latencies to respond
to the US and CS in the ﬁrst day of training (Fig. S1) and the number
of avoidance responses scored in blocks of 10 trials (Fig. S2).
3.2. Effects of intra-Nac and intra-DLS infusions of quinpirole and
sulpiride on two-way active avoidance scores
ANOVA statistics are shown in Table 1. Data shown in Figs. 2A
and 3A conﬁrm our prediction that drugs acting on D2 receptors
cause an immediate effect on CARs when infused into the NAc,
but a delayed effect when infused into the DLS. In addition, as
shown in Fig. 2B, blockade of D2 receptors in the NAc appears to
impair memory consolidation. However, data shown in Fig. 3B do
not support a role of DLS D2 receptors in memory consolidation.The effects of pre-training intra-NAc administration of these
drugs are shown in Fig. 2A. Sulpiride, at the given doses, prevented
CAR almost completely in the training session and caused a signif-
icant reduction in the number of avoidances in the test session.
This treatment also caused a signiﬁcant increase in the number
of escape failures and a signiﬁcant reduction in the number of
ITC in the training and test sessions. These effects are consistent
with the antipsychotic properties previously reported for sulpiride
and other D2 DA-R antagonists (Wadenberg, Kapur, Soliman, Jones,
& Vaccarino, 2000; Wadenberg et al., 1990). No doses of quinpirole
affected the number of avoidances or ITC in either training or test
sessions, but 5 lg/side caused a signiﬁcant increase in the number
of escape failures in the training session. The effects of post-training
intra-NAc administration of these drugs are shown in Fig. 2B. It
caused a signiﬁcant reduction in the number of CARs and ITC in
Fig. 2. Effect of intra-nucleus accumbens (NAc) infusions of artiﬁcial cerebrospinal ﬂuid (aCSF), the dopaminergic D2 receptor agonist quinpirole (Q), or the antagonist
sulpiride (S), immediately before (A) or immediately after (B) the training session on the two-way active avoidance scores. The doses are expressed in lg/side and the data are
expressed as mean + SEM. P < 0.05 compared to saline; n = 8–10.
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cape failures.
The effects of pre-training administration of quinpirole and sul-
piride into the DLS are shown in Fig. 3A. Sulpiride (0.2 lg/side)
caused a signiﬁcant reduction in the number of avoidances in the
test, but not in the training session, and a signiﬁcant reduction in
the number of ITC in the training and test sessions; 10 lg/side sul-
piride caused a signiﬁcant reduction of ITC in the training and test
session; 0.5 lg/side quinpirole caused a signiﬁcant decrease in the
number of escape failures; 5 lg/side quinpirole caused a signiﬁ-
cant increase in the number of escape failures in the training ses-
sion. The effects of post-training administration of quinpirole andsulpiride into the DLS are shown in Fig. 3B. Post-hoc analysis
showed no signiﬁcant effects among the groups, in either training
or test sessions. Similar conclusions were drawn from analysis of
the latencies to respond to the US and CS on the ﬁrst day of training
(Fig. S1) and number of avoidance responses scored in blocks of 10
trials (Fig. S2).
3.3. Unconditioned reaction time to the footshock
One-way ANOVA of latency to respond after ﬁrst presentation
of footshock (by escaping to the other shuttle box chamber)
showed the following effects: (i) i.p. administration (Table 2):
Fig. 3. Effect of intra-dorsolateral striatum (DLS) infusions of artiﬁcial cerebrospinal ﬂuid (aCSF), the dopaminergic D2 receptor agonist quinpirole (Q), or the antagonist
sulpiride (S), immediately before (A) or immediately after (B) the training session on the two-way active avoidance scores. The doses are expressed in lg/side and the data are
expressed as mean + SEM. P < 0.05 compared to saline; n = 5–10.
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P < 0.05]; (iii) intra-DLS (Table 3): [F(4, 41) = 2.94, P < 0.05].3.4. Histology
All cannulae were appropriately located, as shown in Fig. 4.4. Discussion
The main ﬁnding of the present study was that blockade of D2-
like receptors in the NAc caused an immediate reduction in the
number of CARs but blockade of D2 receptors in the DLS caused
a decrease in CAR responding only in the test session. This suggeststhat activation of D2 receptors in the DLS is needed for a slow
learning of CAR, as occurs for S–R habit learning, while activation
of D2 receptors in the NAc is needed for fast learning of CAR, as oc-
curs for learning goal-directed actions. This is in agreement with
the hypothesis that S–R habits depends on the DLS and Pavlovian
conditioning and goal-directed actions depends on the NAc (Bal-
leine & O’Doherty, 2010).
There are four methodological issues that require comment. (i)
Quinpirole (5 lg/side) decreased avoidance responses when in-
jected post-training into the NAc, but not when injected pre-train-
ing. This could have occurred because the memory trace is
reinforced gradually during the long training session and is stron-
ger to be consolidated at the end of the session. On the other hand,
when quinpirole was injected into the striatum 20 min before
Table 2
Effects of systemic administration of saline,
the dopaminergic D2 receptor agonist quin-
pirole, or the antagonist sulpiride, on the
reaction time to footshock.
Group Latency (s)
Saline 11.22 ± 0.25
Quinpirole 0.05 mg/kg 13.85 ± 1.22
Quinpirole 0.1 mg/kg 14.56 ± 1.20
Quinpirole 1.0 mg/kg 14.19 ± 1.06
Sulpiride 1.0 mg/kg 11.43 ± 0.28
Sulpiride 25 mg/kg 12.87 ± 0.71
Sulpiride 100 mg/kg 12.41 ± 0.54
Drugs were given i.p. 30 min before testing
the reaction time to footshock in the shuttle
box. Data are presented as mean ± SEM.
One-way ANOVA showed no signiﬁcant
difference among the groups.
Table 3
Effects of intra-NAc or intra-DLS infusions of the dopaminergic D2 receptor agonist
quinpirole, or the antagonist sulpiride on reaction time to the footshock.
Group Latency (s)
Intra-NAc Intra-DLS
aCSF 12.68 ± 0.86 14.36 ± 0.82
Quinpirole 0.5 lg/side 13.46 ± 0.86 13.45 ± 0.91#
Quinpirole 5.0 lg/side 15.55 ± 1.27 17.79 ± 1.06#
Sulpiride 0.2 lg/side 16.52 ± 1.10 17.11 ± 1.18
Sulpiride 10 lg/side 16.15 ± 1.47 15.45 ± 1.36
Drugs were given 10 min before testing the reaction time to footshock in the shuttle
box. Data are presented as mean ± SEM. One-way ANOVA followed by the New-
man–Keuls test showed a statistically difference of P < 0.05 between 0.5 lg/side
quinpirole and 5.0 lg/side quinpirole.
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been below a critical level to affect consolidation by the end of
the session. Therefore, its concentration might have been above a
critical concentration to affect memory consolidation when it
was injected post-, but not pre-training. (ii) A combination of some
immediate and delayed effects of intra-NAc and intra-DLS on CAR
was observed after systemic administration of sulpiride. Even
0.05 mg/kg – which did not affect locomotor activity (ITC) andFig. 4. Schematic coronal sections showing locations of the tips of the cannulae used to in
On the right of each section, the approximate distance (mm) from bregma is indicated,did not cause escape failures – decreased the number of CARs in
both training and test sessions. On the other hand, 1 mg/kg quinpi-
role increased locomotor activity and decreased the number of
CARs in test but not training sessions. This probably occurs because
at the lower dose quinpirole acts on pre-synaptic D2 receptors
(decreasing the release of DA and glutamate) but at the higher dose
it also acts on post-synaptic D2 receptors (Perreault et al., 2006).
Pre-training injection of 0.1 mg/kg quinpirole also affected learn-
ing but, when injected immediately after training it did not affect
memory consolidation. This might have occurred because the time
window in which the drug affects consolidation is short but the
training session was long. In addition, different to intra-NAc injec-
tions, some time is needed for the drug to reach the D2 receptors in
the striatum after systemic administration. These systemic effects
suggest that some side effects of antipsychotics could be mediated
by DLS and NAc D2 receptors. Similar deﬁcits in responding to cues
of rewarding events have been reported for schizophrenics and are
attributed to a dysfunctional mesolimbic DA system (Simon et al.,
2010; Simpson, Kellendonk, & Kandel, 2010). (iii) Our results are
consistent with a previous study reporting that sulpiride (0.2 lg/
side) caused an immediate reduction in CAR performance when in-
fused into the NAc, but when it was infused into the DLS it caused
the same effect only when administered 90 min before (Waden-
berg et al., 1990). The authors attributed this delayed effect to a
slow diffusion of the drug to the NAc. This explanation does not ap-
ply to the present results because we observed this effect 24 h after
intra-DLS administration, while post-training administration of
0.2 lg/side sulpiride did not cause the same effect. In addition, if
it were the case that diffusion between regions was a signiﬁcant
factor, higher doses of sulpiride infused into the DLS would be ex-
pected to cause higher effects on CAR. However, the opposite hap-
pened: infusion of sulpiride into the DLS in a dose 50 times higher
caused no effect at all. This inverted U shaped dose–response curve
occurred probably because, depending on the dose, sulpiride may
block post-synaptic or pre-synaptic D2 receptors (Surmeier et al.,
2007). (iv) An important difference between the study of Waden-
berg et al. and this one is in training: they trained rats in the shut-
tle box over 3 days (up to asymptotic performance) before testing
the effect of the drugs on CAR performance, while we tested their
effects before or right after the ﬁrst training session. Therefore,
while they studied the role of D2 receptors on CAR performance
and/or memory expression, we studied their role on CAR learningfuse drugs into the nucleus accumbens (NAc) (A) or dorsolateral striatum (DLS) (B).
according to the atlas of Paxinos and Watson (2005).
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tion of the present study is to present evidence that, in addition
to the role of NAc D2 receptors on CAR performance, NAc and
DLS D2 receptors play a role in CAR learning and/or consolidation
– the former providing a fast and the latter a slow learning.
In vitro studies indicate that D2-like receptors might affect re-
sponses to environmental stimuli by pre- and post-synaptic mech-
anisms: (i) increasing signal-to-noise ratio in corticostriatal
neurotransmission (Cepeda & Levine, 1998; Frank & Hutchison,
2009); and (ii) inhibiting the indirect pathway, facilitating initia-
tion of the proper action (Alexander, Delong, & Strick, 1986). Acti-
vation of D2 receptors is also implicated in synaptic plasticity
(Lovinger, 2010). The ﬁnding that post-training intra-NAc adminis-
tration of quinpirole and sulpiride decreased the number of avoid-
ance scores in the test session suggests that release of DA and/or
glutamate (impaired by quinpirole) and activation of post-synaptic
D2 receptors (blocked by sulpiride) in the NAc are needed for
memory consolidation of CARs, a ﬁnding in agreement with previ-
ous studies reporting a role for D2 receptors in the consolidation of
other memory tasks (Bach et al., 2008; Boulougouris, Castane, &
Robbins, 2009; Castro, Dos Reis-Lunardelli, Schmidt, Coitinho, & Iz-
quierdo, 2007; Drew et al., 2007; Izquierdo, 1992; Lovinger, 2010;
Pezze, Dalley, & Robbins, 2007; Setlow & McGaugh, 1998, 1999,
2000).
Post-training infusion of these drugs into the DLS did not affect
the number of avoidances in the test session, a ﬁnding that appar-
ently does not support a role for DLS D2 receptors in memory con-
solidation of CARs. However, clearance of the phasic DA signal is
shorter in the DLS compared to the NAc (Wickens, Budd, Hyland,
& Arbuthnott, 2007) and the CAR task required long sessions (40
CS-US pairings; nearly 25 min) whereas most studies on memory
consolidation use tasks that can be learnt in a single trial
(McGaugh & Roozendaal, 2009). Therefore, it is possible that the
post-training effect of sulpiride on memory consolidation was ob-
served when it was infused into the NAc, but not into the DLS, be-
cause along the training session, DA released at each CS-US pairing
accumulated in the NAc, but not in the DLS.
The high number of escape failures caused by infusion of sulpir-
ide into the NAc suggests that it inhibits initiation of both condi-
tioned and unconditioned responses. Intra-NAc infusion of
sulpiride also decreased ITC and, in other studies, decreased loco-
motor activity (Wadenberg et al., 1990). This seems to mimic the
apathy observed in patients treated with D2 antagonists (Schlagen-
hauf et al., 2008). Previous studies showed that reduction of both
locomotion and CARs correlates with the blockade of D2 receptors
(Wadenberg et al., 2000) and that CARs are sensitive to both typical
and atypical antipsychotics (Wadenberg & Hicks, 1999). Therefore,
it is difﬁcult to dissociate the effects of sulpiride on CAR and loco-
motor activity. As pointed out by Di Chiara (2002), considering re-
sponse-reinforcement apart from motor performance is difﬁcult
because DA plays important roles in both functions. In addition,
the view that DA facilitates choice of previously reinforced motor
actions binds cognitive and motor aspects of action in a single
function.
The role of DA in rewarding motivated actions is well estab-
lished, but its role in learning aversively motivated tasks is contro-
versial (Morris, Schmidt, & Bergman, 2010; Schultz, 2010). The
present study reinforces the hypothesis that DA is involved in
learning aversively motivated tasks. This is in agreement with a re-
cent study showing that some polymorphisms in human genes
associated with the expression of D2 receptors in the striatum
strongly predict efﬁcient avoidance-based decisions (Frank &
Hutchison, 2009). In animal studies, it has been shown that rats
submitted to inescapable footshocks undergo a form of learned
helplessness that makes them unresponsive the next time they
face the same environment (Wang et al., 2007). Since injection ofsulpiride into the NAc decreased the number of escape responses
to the footshock, this may have caused learned helplessness,
explaining why these rats presented increased number of escape
failures in the training session.
In summary, the ﬁndings of the present study suggest a differ-
ential role for D2 receptors in the NAc and DLS on CAR learning and
performance. The former seems to be critical for fast adaptation of
responding to unconditioned and conditioned aversive stimuli and
the latter to slower learning of how to respond to conditioned
stimuli based on previous experiences.Acknowledgments
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